To explore the role that surface and active center charges play in electrostatic attraction of ligands to the active center gorge of acetylcholinesterase (AChE), and the influence of charge on the reactive orientation of the ligand, we have studied the kinetics of association of cationic and neutral ligands with the active center and peripheral site of AChE. Electrostatic influences were reduced by sequential mutations of six surface anionic residues outside of the active center gorge (Glu-84, Glu-91, Asp-280, Asp-283, Glu-292, and Asp-372) and three residues within the active center gorge (Asp-74 at the rim and Glu-202 and Glu-450 at the base). The peripheral site ligand, fasciculin 2 (FAS2), a peptide of 6.5 kDa with a net charge of ؉4, shows a marked enhancement of rate of association with reduction in ionic strength, and this ionic strength dependence can be markedly reduced by progressive neutralization of surface and active center gorge anionic residues. By contrast, neutralization of surface residues only has a modest influence on the rate of cationic m-trimethylammoniotrifluoroacetophenone (TFK ؉ ) association with the active serine, whereas neutralization of residues in the active center gorge has a marked influence on the rate but with little change in the ionic strength dependence. Brownian dynamics calculations for approach of a small cationic ligand to the entrance of the gorge show the influence of individual charges to be in quantitative accord with that found for the surface residues. Anionic residues in the gorge may help to orient the ligand for reaction or to trap the ligand. Bound FAS2 on AChE not only reduces the rate of TFK ؉ reaction with the active center but inverts the ionic strength dependence for the cationic TFK ؉ association with AChE. Hence it appears that TFK ؉ must traverse an electrostatic barrier at the gorge entry imparted by the bound FAS2 with its net charge of ؉4.
To explore the role that surface and active center charges play in electrostatic attraction of ligands to the active center gorge of acetylcholinesterase (AChE), and the influence of charge on the reactive orientation of the ligand, we have studied the kinetics of association of cationic and neutral ligands with the active center and peripheral site of AChE. Electrostatic influences were reduced by sequential mutations of six surface anionic residues outside of the active center gorge (Glu-84, Glu-91, Asp-280, Asp-283, Glu-292, and Asp-372) and three residues within the active center gorge (Asp-74 at the rim and Glu-202 and Glu-450 at the base). The peripheral site ligand, fasciculin 2 (FAS2), a peptide of 6.5 kDa with a net charge of ؉4, shows a marked enhancement of rate of association with reduction in ionic strength, and this ionic strength dependence can be markedly reduced by progressive neutralization of surface and active center gorge anionic residues. By contrast, neutralization of surface residues only has a modest influence on the rate of cationic m-trimethylammoniotrifluoroacetophenone (TFK ؉ ) association with the active serine, whereas neutralization of residues in the active center gorge has a marked influence on the rate but with little change in the ionic strength dependence. Brownian dynamics calculations for approach of a small cationic ligand to the entrance of the gorge show the influence of individual charges to be in quantitative accord with that found for the surface residues. Anionic residues in the gorge may help to orient the ligand for reaction or to trap the ligand. Bound FAS2 on AChE not only reduces the rate of TFK ؉ reaction with the active center but inverts the ionic strength dependence for the cationic TFK ؉ association with AChE. Hence it appears that TFK ؉ must traverse an electrostatic barrier at the gorge entry imparted by the bound FAS2 with its net charge of ؉4.
The high catalytic efficiency of acetylcholinesterase (AChE, 1 EC 3.1.1.7) as well as the rapid rates of reaction of selective AChE inhibitors are primarily addressed with cationic ligands. The physiological and most rapidly hydrolyzed substrate of AChE, acetylcholine, as well as its highest affinity inhibitors, m-trimethylammoniotrifluoroacetophenone (TFK ϩ ) and fasciculin 2 (FAS2), carry one or more positive charges.
Inhibition of AChE by small cationic reversible inhibitors like N-methylacridinium appears diffusion limited (1) as is conjugation of the active serine by cationic TFK ϩ (2) . Initial rates of acetylcholine hydrolysis by Electrophorus electricus AChE also appear limited by the initial diffusion-controlled association of reactants (3, 4) . Early kinetic studies suggested a net negative charge at the active center, a finding borne out from an overall analysis of ionizable groups (5, 6) in the threedimensional structure of Torpedo californica AChE (7) and mouse AChE (8) . In addition, the net negative charges on the enzyme appear to be strategically distributed for rapid catalysis. Theoretical calculations based on the crystal structure of Torpedo AChE (9, 10) suggest the presence of a strong electrostatic field that directs cations into the active center gorge of the enzyme.
The existence of such a field has been recently supported experimentally by analysis of electrooptical properties of snake AChE in strong, external electric fields (11) . A comprehensive mutagenesis study of human AChE was undertaken to analyze the kinetic contributions of seven surface anionic charges influencing the electric field of AChE (12) . Those surface residues outside of the active center gorge had only a small influence on catalytic efficiency for both cationic and neutral substrates. Recent theoretical calculations predict that anionic residues peripheral to the active center gorge exhibit only a minor influence on catalysis rates since the directing field is the result of a large number of contributions from the protein (13, 14) .
Inhibition of AChE is achieved by competing ligands binding to the active center region of AChE, which is located in the center of the subunit at the base of a narrow gorge some 18 -20 Å in depth. A separate set of ligands, which includes the organic cation, propidium (15) , and the peptide FAS2 (16) , binds to a site peripheral to the active center gorge. Inhibition of this site results from the ligand impeding substrate entry to the active center and exerting an allosteric influence on the conformation of the enzyme (15) (16) (17) (18) .
In this study, we have neutralized a series of anionic side chains through site-specific mutagenesis to distinguish the influence of electrostatics on the kinetics of inhibitor and substrate binding at the active center from that at the peripheral site. We also investigated the influence of bound FAS2 on the kinetics of entry of cationic and neutral ligands into the active center gorge.
MATERIALS AND METHODS
Enzymes-Mutations of mouse AChE were generated from a cDNA inserted into Bluescript II SK(ϩ) (Stratagene, San Diego, CA) or directly in expression vectors pRC/CMV or pCDNA3 (Invitrogen, San Diego, CA) using M13K07 helper phage (New England Biolabs, Beverly, MA) to obtain single-stranded DNA. Oligonucleotides were synthesized (Life Technologies, Inc.; Genosys, Woodlands, TX) to encode the muta-* This work was supported in part by grants from the National Science Foundation Supercomputer Centers MetaCenter Program and by U. S. Public Health Service Grants GM18360 and DAMD 17-95-I5027 (to P. T.), GM31749 (to J. A. M.), and NS21334 (to D. M. Q.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 The abbreviations used are: AChE, acetylcholinesterase; FAS2, fasciculin 2; TFK ϩ , m-trimethylammoniotrifluoroacetophenone; TFK 0 , mtert-butyltrifluoroacetophenone; PhAc, phenylacetate; pNPhAc, p-nitrophenylacetate; ACTh, acetylthiocholine.
tion of interest and produce restriction sites that enabled screening of mutants. Multiple mutants were generated by subcloning several cDNA fragments containing single site mutations into the construct. Fragments were selected by the positions of the suitable restriction sites. Constructs were finally sequenced in the expression vector to confirm the mutation. Wild-type and mutant mouse AChEs were expressed in HEK-293 cells following transfection of the cells with the encoding cDNA as described previously (19) . AChE was concentrated from the serum-free medium in which the expressing cells were grown.
Inhibitors-Purified and lyophilized FAS2 was kindly provided by Dr. Carlos Cerveñ ansky, Instituto de Investigaciones Biologicas, Montevideo, Uruguay, and Dr. Pascale Marchot, CNRS, University of Marseille, France. Concentrations of FAS2 stock solutions were determined by absorbance (⑀ 276 ϭ 4900 M Ϫ1 cm Ϫ1 ) (20) . m-tert-Butyltrifluoroacetophenone (TFK 0 ) and m-trimethylammoniotrifluoroacetophenone (TFK ϩ ) were synthesized as described earlier (21) . Enzyme Activity-Hydrolysis of ATCh, phenylacetate, and p-nitrophenylacetate was measured spectrophotometrically at 412 nm for thiocholine (22) or by measuring phenol or p-nitrophenol release at 270 and 405 nm, respectively. Kinetic constants for hydrolysis of the above substrates by wild-type and mutant AChEs were determined as described previously (23) .
Enzyme Inhibition-The second-order rate constants for FAS and trifluoroacetophenone association and the first-order constants of dis-FIG. 1. Brownian dynamics simulation of diffusion of cationic ligand into the AChE active center. A, surface of the enzyme accessible to the diffusing ligand (green), reactive surface (blue), and some of parameters for the simulation. B, position of selected anionic residues in three-dimensional structure of mouse AChE, studied in simulations and in in vitro experiments.
FIG. 2.
Ionic strength dependence of rate constants for ligands and mouse AChE. Curves were calculated as a best fit of data to Eq. 2. A, association (k on ) and dissociation (k off ) rate constants of inhibitors. B, second-order rate constants (k cat /K m ) for substrate turnover. 
where f is a fraction of enzyme inhibition at time t and ligand concentration [L] . The second-order rate constants for formation of the inhibitory complex (k on ), the first-order rate constants for its dissociation (k off ), and substrate catalytic constants were plotted as a function of ionic strength of the reaction medium using the Debye- .
where k on , k on 0 , and k on H are second-order association rate constants at the specified ionic strength I, zero ionic strength, and infinite ionic strength, respectively. z E and z I are the charges of enzyme and inhibitor involved in the interaction.
Buffers-Enzyme activities in catalysis and inhibition were measured in media of varying ionic strength, generated by varying the 
where S denotes the substrate concentration, K m and K ss Michaelis-Menten and substrate inhibition constants, and b the productivity ratio of the ternary SES complex to the ES complex (cf., Radić et al. (19) (8) . Coordinates for the missing residues Glu-1, Gly-2, Arg-3, Pro-258, Pro-259, Gly-260, Gly-261, Ala-262, Gly-263, and Gly-264 were built in using QUANTA (25). CHARMM22 with its all-atom parameter set was used to build in the protons and missing side chains (26) . Coordinates for the protons and residues 1-3 and 258 -264 were relaxed using 500 steps of AdoptedBasis Newton Raphston minimization.
Ionization states of the residues were modeled to represent physiological conditions. Arg and Lys residues were modeled as protonated with an overall charge of ϩ1. Asp and Glu residues were modeled as deprotonated with an overall charge of Ϫ1. The protonation states of the His residues were determined by inspection of the availability of hydrogen bonds. All His residues were modeled as HSD (protonated at the ND1 site) except for residue 432 which was modeled as HSE (protonated at the NE2 site) and residue 447 which was modeled as HSP (doubly protonated at the ND1 and NE2 sites). The charge on the unliganded, wild-type AChE used for the simulations was Ϫ8.0.
A reactive surface was placed at the gorge entrance. To do this the center of the mouth of the gorge and the gorge axis were first defined. In similar fashion to previous work with T. californica AChE (13, (27) (28) (29) , the center of the mouth of the gorge was defined by determining the geometric center of four selected atoms from residues near the gorge entrance: Tyr-72:OH, Asp-74:OD1, Phe-297:CE1, and Tyr-341:CD2. The gorge axis was then defined as the line running from Ser-203:C to the geometric center. For the reactive surface at the gorge entrance, a 12-Å reactive sphere was centered on the gorge axis 2 Å above the center of the mouth of the gorge to completely cap the entrance.
Atomic charges of anionic side chains mutated to the corresponding amides were set to 0 in the AChE model to generate the corresponding mutants. Neither steric nor conformational changes potentially arising from the mutations were considered.
All calculations involved in the Brownian dynamics simulations were carried out using the University of Houston Brownian Dynamics software package UHBD (30) . The simulations were conducted using a 110 ϫ 110 ϫ 110 grid with 1-Å spacing centered on the Ser203:C atom. Hydrodynamic radii of 35.0 and 3.5 Å were used for AChE and diffusing cationic ligand, respectively. An excluded radius of 2.0 Å was used for the ligand. Fig. 1 illustrates the reactive surface available to the diffusing ligand and several other parameters used in the simulations. The protein and solvent were assigned dielectric values of 4.0 and 78.0, respectively, with a Stern layer radius of 2.0 Å. A probe-accessible surface was used with a 1.4-Å probe radius and 300 surface points per atom. The boundary potential was determined using a single DebyeHuckel sphere of 35 Å radius and molecular charge of Ϫ8 for the AChE molecule. A step size of 0.05 ps was used for diffusion between 0 and 100 Å, 1 ps between 100 and 175 Å, and 5 ps between 175 and 300 Å from the grid center.
The rate constants of enzyme-ligand encounter were calculated from large numbers of Brownian trajectories of the substrate in the neighborhood of the enzyme (30 -33) . The substrate moves under the influence of the electrostatic field of the enzyme and the random bombardment of solvent molecules. Trajectories are initiated on the surface of a sphere of radius b, the b surface, around the center of coordinates of the enzyme. This sphere is made sufficiently large so that the electrostatic forces between the ligand and the enzyme are approximately centrosymmetric for r Ͼ b. Each trajectory is continued until the substrate satisfies a predefined encounter criterion or reaches an outer spherical surface of radius q, the quit-surface. The fraction of trajectories that finish with encounters is corrected to include the additional encounters that would have occurred if the trajectories had not been truncated at the quit-surface and is then multiplied by the rate constant for the encounter of ligand with the b surface to yield the bimolecular diffusioncontrolled rate constant, k on (34) .
For this study, Brownian dynamics trajectories were started randomly on a b surface 55.0 Å from Ser203:C atom. A trajectory was terminated when one of three criteria were met. 1) The ligand made contact with the reactive surface.
2) The diffusing ligand reached the quit-surface, a distance greater than 300 Å from the Ser203:C atom.
3) The ligand made more than 1 ϫ 10 7 steps. For the wild-type and each of the nine mutants, 3000 trajectories were conducted at 0 and 670 mM ionic strengths.
RESULTS

Effect of Ionic Strength on Rate Constants for Ligand Binding to
Wild-type Acetylcholinesterase-Catalytic parameters for substrates, second-order association rate constants, and firstorder dissociation rate constants for cationic and neutral ligands with wild-type AChE, measured as a function of ionic strength of reaction medium, are shown in Fig. 2 . The cationic inhibitors TFK ϩ and FAS2 associate with AChE significantly faster in buffers of low than high ionic strength (Table I) . The increase in rates over this ionic strength range approaches 1 order of magnitude for the TFK ϩ monocation and exceeds 2 orders of magnitude for FAS2, a 6.5-kDa peptide that bears net charge of ϩ4 at pH 7.0. The association rate constants for FAS2 at low ionic strength approach the values for TFK ϩ . Both values at a low ionic strength are within the range of rate constants predicted for diffusion controlled reactions. For the cationic substrate ATCh, the ratio k cat /K m increased only 2-fold at low ionic strength indicating that the diffusion and chemical steps in catalysis by mouse AChE may be of similar magnitude. The rates of association of neutral ligands do not increase with a reduction in ionic strength. Hydrolysis rates of neutral substrates, PhAc and pNPhAc, being 1 and 2 orders of magnitude slower than ATCh hydrolysis, also were not influenced by the change in ionic strength. The association rate constants for the neutral inhibitor TFK 0 , which are about 2 orders of magnitude slower than TFK ϩ , exhibit a modest decrease in rate with a reduction in ionic strength (Table I ). This decrease was assumed to be consequence of indirect electrostatic interaction as in the case of the k cat versus I dependence for ATCh and PhAc; only the composite parameter (z I z E ) was therefore determined, instead of individual charges. Rates of dissociation of both the charged and neutral TFKs and fasciculin were largely independent of the ionic strength.
Effect of Ionic Strength on Substrate Hydrolysis by Wild-type and Mutant
Acetylcholinesterases-The catalytic constants for hydrolysis of ATCh by wild-type and mutant mouse AChEs determined in 100 mM phosphate buffer, pH 7.0, are listed in Table II . Of the 17 mutants studied, mutations of aspartyl and glutamyl residues located on the enzyme surface to their corresponding amidated residues produced less than 5-fold varia- Fig. 3 . The Michaelis constant was found to increase, with ionic strength for wild-type and all mutants resulting in a decrease in k cat /K m . A modest increase in k cat for all the surface mutants and wild-type AChE was evident, whereas k cat for active center mutants was independent of ionic strength. Catalytic parameters for hydrolysis of neutral substrates (data not shown) did not show a dependence on ionic strength, with exception of K m and k cat for PhAc which show a slight increase at high ionic strength for wild-type AChE. The catalytic constants for active center mutants were similar to the constants for wild-type, with the exception of k cat which was reduced about an order of magnitude in the mutants.
Of the three substrates, ATCh and PhAc have similar k cat values that are significantly higher than k cat for pNPhAc, indicating a common rate-limiting step in the chemical step of catalysis, presumably deacylation. The acylation step appears slower than deacylation for pNPhAc (3). Substitution of active center anionic residues reduces k cat for ATCh and PhAc to the levels of pNPhAc indicating a shift in the rate-limiting step to the acylation step for these substrates, with a concomitant loss of the ionic strength dependence. This suggests that the increases of k cat for ATCh and PhAc at higher ionic strengths are due to an enhanced deacylation step of hydrolysis. Rates of deacetylation of mouse AChE thus depend on solvent-accessible charged moieties in the AChE active center, whereas the acetylation reaction does not show this dependence.
Effect of Ionic Strength on Rate Constants for Fasciculin Binding to Wild-type and Mutant Acetylcholinesterases-The
second-order rate constants of FAS2 association to wild-type and mutant AChEs and the first-order rate constants for FAS2 dissociation were measured by following the approach of the inhibition reaction to equilibrium in buffers of varying ionic strength (Fig. 4) .
The second-order reaction rate constants extrapolated to zero ionic strength decreased significantly upon introduction of multiple mutations to AChE diminishing the charge, either on the enzyme surface or in its active center, whereas the rate constants were only moderately affected at high ionic strength (Table III) . A six-residue substitution of the surface anionic residues by the corresponding amidated amino acids resulted in a 260-fold reduction in k on 0 and only 2.5-fold change in k on H . Thus, the pronounced dependence of rates of FAS2 association with wild-type AChE on ionic strength, resulting in 560-fold rate acceleration at zero ionic strength compared with high ionic strength, is virtually eliminated by neutralization of six anionic residues on the enzyme surface, and significantly reduced by neutralization of three anionic residues of the active center. This illustrates the importance of AChE anionic residues in the rate-limiting step of association of FAS2 with the enzyme.
However, except for the D74N mutant, since these residues did not affect k off , they do not appear to affect the activation barrier for dissociation of the complex.
Effect of Ionic Strength on Rate Constants for Trifluoroacetophenone Binding to Wild-type and Mutant Acetylcholinesterases-
The second-order association rate constant and the firstorder dissociation rate constants for TFK ϩ and wild-type and mutant AChEs were measured by following the approach of the inhibition reaction to equilibrium at varying ionic strengths
FIG. 6. Ionic strength dependences of rate constants for ligands and AChE⅐FAS2 complex (solid lines) and AChE alone (dashed lines).
Curves were calculated as best fits of the data to Eq. 2. A, association (k on ) and dissociation (k off ) rate constants of inhibitors. B, second-order rate constants for turnover (k cat /K m ) of substrates. (Fig. 5) . Association rate constants for the wild-type and all mutant enzymes increased significantly with a reduction in ionic strength. The ratio between the second-order constant extrapolated to zero ionic strength k on 0 and the rate constant at the highest measured ionic strength k on H decreased only slightly for the multiple mutants. Since the total difference in k on 0 and k on H for the wild-type was much smaller for TFK ϩ than for FAS2, charge neutralization exerted a far smaller influence than for FAS2. The extrapolated k on 0 values for mutants of the surface anionic residues decreased by a factor of 5 with the simultaneous substitution of six surface residues (Table IV). By contrast both k on 0 and k on H for the active center mutants decreased by almost 2 orders of magnitude upon neutralization of the three anionic residues in the active center gorge, yielding at high ionic strength a rate constant comparable in magnitude with that found for TFK 0 (Table V) . Hence, anionic residues within the active center gorge, particularly Asp-74 which resides near its rim, influence the TFK ϩ reaction in specific ways in addition to a long range electrostatic attraction; the anionic side chains may trap the cationic ligand within the gorge or help orient the cationic ligand in the active center to optimize the conjugation reaction.
The dissociation rate constants were only modestly enhanced upon substitution of surface residues with the amidated amino acids but were increased more than 2 orders of magnitude upon substitution of active center residues supporting a role for these residues in stabilization of TFK ϩ -AChE conjugate. Quantitatively similar effects were observed for the dissociation rate constants for TFK 0 -AChE conjugate. The rate constants of association for the neutral trifluoroacetophenone TFK 0 were, however, virtually unaffected by charge neutralization through mutation or charge masking by ionic strength.
Effect of Ionic Strength on Rate Constants for Substrate and TFK Binding to Acetylcholinesterase-Fasciculin 2 Complex-
The association rate constants for both cationic and neutral ligands for AChE⅐FAS2 complex were substantially reduced compared with the unligated AChE with the greater influence exerted on the charged substrate or inhibitor (Fig. 6 and Ref. 23) . The most pronounced effect on FAS2 was on k cat /K m of ATCh with a decrease of more than 3 orders of magnitude (Table VI) . k cat /K m showed little dependence on ionic strength.
The ionic strength dependence of the second-order association rate constant was, however, inverted for TFK ϩ association with FAS2⅐AChE complex where the rate constant actually decreases at low ionic strength. Accordingly the rate constants for TFK ϩ association with the FAS2 complexed and free AChE differ by nearly 3 orders of magnitude at low ionic strength. The inverted dependence of ionic strength on the rate constant of the FAS2⅐AChE complex suggests that the bound FAS2 confers both a steric and electrostatic barrier to TFK ϩ entry to the gorge. The two barriers combined slow the reaction by nearly 3 orders of magnitude (at zero ionic strength), of which about 1 order of magnitude corresponds to the steric barrier (difference at high ionic strength), and the remaining 2 orders to the electrostatic barrier. The rate constants of TFK ϩ and TFK 0 dissociation from the AChE⅐FAS2 complex were increased by 30-and 3-fold, respectively, suggesting that FAS2 allosterically influences the stability of the trifluoroacetophenone conjugates with AChE.
Brownian Dynamics Simulations of Cationic Ligand Encounter with Acetylcholinesterase-The second-order rate constants for the encounter of a spherical cation with the entrance to the gorge of mouse AChE at 0 and 670 mM ionic strength were calculated using a Brownian dynamics simulations. Results for wild-type enzyme and a set of nine single and multiple mutants were compared with constants experimentally measured for TFK ϩ (Table VII) . The rate constants calculated for wild-type enzyme at low and high ionic strengths were in very good agreement with the experimental values. Individual replacements of surface anionic residues resulted in a progressive reduction of the calculated rate constants. The decreases in rates found in the experiment for TFK ϩ were in good accord with the calculated values. By contrast, the Brownian dynamics calculations did not reflect the reductions in rate constants seen upon neutralization of active center anionic residues. For example, an active center mutant, in which three anionic residues within the active center gorge were neutralized, showed only a 32% decrease in the rate constant calculated from Brownian dynamics, whereas the experimentally measured constant decreased more than 2 orders of magnitude. Simulations that probe the behavior of cationic ligands within the gorge would be expected to reflect these reductions (5) .
Ratios of rate constants calculated for the reaction at 0 and 670 mM ionic strengths were also analyzed. This ratio decreased with an increasing number of amino acid substitutions and fell to 40% of the wild-type value upon substitution to six neutral residues on the enzyme surface. The three-residue mutant of the active center exhibited a decrease of the ratio to 70% of the wild-type value. The experimentally determined ratios for TFK ϩ were essentially identical to the calculated ones. The close agreement of calculated constants with experimental values for TFK ϩ association with AChE provides additional support for the electrostatic influence of AChE surface anionic residues in the rate-limiting step of this reaction. Active center anionic residues, where substantial disparity exists between experiment and computation, likely influences TFK ϩ reactivity with the active serine, in addition to their long range electrostatic influence. Since the computations treat the ligand as an isotropic sphere that only moves outside of the gorge, factors influencing translation within the gorge or orientation of the ligand on the efficiency of the reaction will not be accounted for in the computations. DISCUSSION Our findings show that the multiple anionic residues on the AChE surface make modest incremental contributions to enhancing the rate of reaction of cationic ligands such as TFK ϩ with the active center of the enzyme, whereas the contributions of the three anionic residues within the gorge are far larger. Trifluoroketones are known to react with the active center serine forming a hemiketal conjugate (35, 36) . In the case of the cationic congener, TFK ϩ , the reaction appears rate-limited by diffusional entry to the gorge rather than the conjugation reaction forming the hemiketal. The influence of surface residues, as well as the absolute rate of ligand association, can be predicted with Brownian dynamics simulations. The simulations reported here, which use a spherical cationic TFK ϩ that remains outside the gorge, appropriately account for the long range electrostatic influences but underestimate the influence of anionic residues within the gorge. Anionic residues within the gorge are likely to be critical for trapping cationic ligands that have entered the gorge and for achieving the reactive orientation of cationic ligands, factors not considered in the current Brownian dynamics simulations. Of the three anionic residues within the active center gorge, D74N appears to contribute the most to the ligand trapping or orientation, whereas Glu-202 has a negligible effect. Thus Asp-74 may play a role in orientation of TFK ϩ similar to that shown for enantiomeric organophosphate inhibitors containing a charged, thiocholine leaving group (37) . The specific role of Asp-74 is partially the consequence of its unique location in the gorge, close to the rim, and in a position to interact with incoming ligands. This residue has also been shown to assist in stabilization of peripheral site ligands (16, 19) . In contrast to the behavior with the active center ligands, the rate of reaction of the large peptide, FAS2, with the interactive surface located at the rim of AChE gorge is affected similarly by both active center and surface anionic residues.
The reaction rates for the cationic ligands show a marked dependence on ionic strength consistent with electrostatic dipole vector guiding diffusion into the gorge for TFK ϩ and to the rim of the gorge for FAS2. FAS2 shows a greater ionic strength dependence than TFK ϩ , consistent with its multiple net positive charges. However, if analyzed on a unit charge basis, z E is smaller for FAS2 than TFK ϩ , a finding in accord with the lower density of interacting anionic residues at the rim of the gorge. The increase in FAS2 reaction rates of more than 2 orders of magnitude observed at low ionic strength yields rate constants of the magnitude expected for diffusion-limited reactions. The acceleration in rate at low ionic strength is virtually eliminated upon a 6-fold substitution of anionic residues at the AChE surface. However, the magnitude of the free energy change (⌬⌬G ‡ , Fig. 7 ) imparted by ionic strength is only 4-fold larger for FAS2 than for TFK ϩ and is linearly dependent on the FIG. 8 . Literature data on ionic strength dependence of rate constants for ligands and various wild-type AChEs. Curves were calculated as a best fit of data to Eq. 2. Evaluated constants and source of experimental data are given in Table IX . Dashed lines represent data from this study. A, association (k on ) and dissociation (k off ) rate constants for TFK ϩ with T. californica (ૺ) and mouse AChE (E); N-methylacridinium (NMA) with E. electricus AChE ( ) and FAS2 with mouse AChE (q). B, the second-order turnover constants (k cat /K m ) of substrates ATCh with E. electricus (), T. californica (OE), human (ƒ), and mouse AChE (‚); 2-(N-methylmorpholinium)ethyl acetate (NMEA) with E. electricus (छ) and cobra venom AChE (ࡗ). number of mutated residues (Fig. 7 , Table VIII ). The difference in free energy between TFK ϩ and FAS2 is consistent with the difference in net charge for the two cationic ligands.
Rate constants for ligand association and dissociation can be related to the transition state in forming the complex by Equations 3 and 4. where
T is the absolute temperature, and is the transmission coefficient.
The insensitivity of dissociation of TFK ϩ or FAS2, k off , to ionic strength indicates that the energetic relationship between the transition state and the stabilized complex is not altered by solvent changes. Hence dissociation processes are not influenced by the electric field on AChE and intervening ions in the solvent. By contrast, association kinetics of TFK ϩ and FAS2 show that the diminished activation barrier for restricted diffusion into the gorge imparted by the electrostatic attraction is partly masked by increasing the ionic strength. The same masking is evident when TFK ϩ diffuses into the gorge of the FAS2⅐AChE complex; however, in this case, the masking accelerates the reaction. Accordingly, a unique repulsive electrostatic influence is evident as TFK ϩ traverses an altered activation barrier in the FAS2 complex. Since this phenomenon is not replicated by simple charge neutralization on AChE, it likely arises from the close apposition of the TFK ϩ cation with a domain of cationic charges in FAS2 during TFK ϩ entry into the gorge. Shown in Fig. 9 are potential energy maps of wild type, a mutant with the three anionic side chains in the gorge neutralized, a mutant with six surface residues neutralized, and a FAS2⅐wild-type AChE complex. For the surface residues mutant, reduction of the overall charge is evident, yet a negative sector in the 9 o'clock position to the gorge entrance remains. Neutralization of the three active center gorge residues results in a locus of positive charge deep within the gorge.
Shafferman and colleagues (12) have previously analyzed human AChEs substituted with amidated amino acids for Asp and Glu at seven surface positions outside the gorge and examined substrate hydrolysis kinetics and edrophonium binding at two ionic strengths. They demonstrated a minimal influence of surface charge on acetylthiocholine hydrolysis kinetics and the reversible binding of edrophonium. However, association rates for the ligands were not examined in these studies as is possible for the more potent inhibitors, FAS2 and TFK ϩ . Also, as considered below, substrate hydrolysis kinetics in human AChE and edrophonium binding are likely not to be diffusionlimited and therefore not fully reveal the electrostatic influences on the critical diffusion step.
AChEs from T. californica and E. electricus have higher turnover numbers for ATCh than the mammalian AChEs, and their substrate kinetics appear to approach the diffusion limit (3, 4) as suggested by a compilation of data on the ionic strength dependence of AChE catalysis and inhibition ( Fig. 8 and Table IX ). Similar to hydrolysis by human AChE, the rates of ATCh hydrolysis catalyzed by mouse enzyme defined by k cat /K m are only moderately dependent on ionic strength, and therefore, diffusion is not the prevailing rate-limiting step. The rate constants for association of cationic ligands TFK ϩ and FAS2 with this enzyme approach the diffusion limit, providing more sensitive tools for monitoring structural elements involved in controlling rates of access of cationic ligands to AChE.
Early kinetic observations on the role of electrostatic interactions in AChE catalysis (1) have been reinforced by both theoretical considerations (9, 10, 13) and analysis of charge and ionic strength presented in this study. We are able to distinguish two types of electrostatic interactions of mouse AChE with cationic ligands. First, acceleration of the initial encounter rates of the cation with the enzyme by anionic residues, which is diminished upon sequential substitution of up to six anionic residues on the enzyme surface or upon increasing the ionic strength of reaction medium. Second, the acceleration of cation reaction rates, seen at all ionic strengths, result from trapping of the ligand and/or optimizing the reactive orientation of the ligand in the active center. While both surface and active center anionic residues contribute similarly to the acceleration of cation encounter, only active center anionic residues, in particular Asp-74, show a pronounced influence on trapping and/or orientation of cationic ligands. Other theoretical and experimental data suggest that in addition to Coulombic interactions, significant contributions to ligand orientation may come from interactions of cations with aromatic residues in the enzyme (23, 38, 39) . Similar short range electrostatic interactions are likely involved in the interactions between cationic ligands and three aromatic residues at the AChE peripheral site (19, 39) .
The FAS2⅐AChE complexes still exhibit capacities for residual ester substrate hydrolysis (23, 40, 41) , for acylation by organophosphates (23, 40) , and for hemiketal formation at the active serine (23) . The binding of the reversible inhibitor, Nmethylacridinium, shows a 1000-fold reduction in rates of association and dissociation with FAS2-AChE; yet the compensatory influence of FAS2 on the opposing rates still leaves a relatively high affinity complex (42) . The degree of reduction in k on is in reasonable agreement to 100-fold reduction in k on for smaller TFK ϩ , measured under the same experimental conditions (cf. Fig. 6 ). Charge neutralization by FAS2 in its AChE complex is globally equivalent to removal of four anionic charges by site mutagenesis. Since the complex still retains a net negative charge of Ϫ4, the inverted ionic strength dependence uniquely seen for TFK ϩ association in the FAS2⅐AChE complex and not in the corresponding charge neutralized enzyme can best be explained by TFK ϩ traversing a path close to the bound FAS2 upon entering the gorge. Upon approaching the active center in the AChE⅐FAS2 complex, TFK ϩ experiences about 10-fold slow down due to steric limitations and close to 100-fold slow down due to the electrostatic barrier. The surface area of Van der Waals contact at the FAS2-AChE interface extends over 1100 Å 2 , and no gap between the FAS2 plug and gorge rim for substrate entry is evident in the crystal structures of the FAS2⅐AChE complexes (8, 43) (cf. Fig. 9D ). Hence extensive breathing of the complex or a major conformational change would be expected to be required to accommodate substrate entry. However, to date, the nature of the conformational change or molecular motion has not been revealed through study of alternative crystal forms or conformational dynamics.
Electrostatic considerations appear to take on an increasingly important role in functioning of proteins involved in neurotransmission. A recent description of an "electrostatic switch" in synaptotagmin-mediated neurotransmitter release from synaptic vesicles (44) , the suggestion of electrostatics influencing the subunit interface for neurotransmitter binding to the nicotinic acetylcholine receptor (47) , and the guidance of an electric field in AChE to accelerate clearance of neurotransmitter in the synapse point to involvement of electrostatics in the precise temporal control of synaptic transmission. This mechanism has the virtue of high speed and low energy cost when compared with conformational changes.
